Introduction
The centrosome is the major microtubule-organizing center (MTOC) of the animal cell. During interphase, the centrosome regulates cell shape, motility and polarity, and the intracellular transport and positioning of organelles by organizing microtubules. During mitosis, the centrosome is located at the spindle pole and is involved in the formation of the bipolar spindle. Defects in the centrosome number and function can lead to an improper mitotic spindle assembly and, therefore, contribute to genomic instability and cancer progression (Nigg, 2002; Sluder and Nordberg, 2004) .
The centrosome consists of a pair of nine triplets of microtubules called the centrioles and a surrounding electron-dense matrix, the pericentriolar material (PCM) (Bornens, 2002; Bettencourt-Dias and Glover, 2007) . One of the important roles for the PCM is to provide binding sites for g-tubulin ring complexes (gTuRCs) that act as microtubule nucleation templates (Moritz et al, 1995; Zheng et al, 1995) . In mammalian cells, several proteins, including pericentrin/kendrin, CG-NAP/AKAP450, ninein, Nlp (ninein-like protein), and GCP-WD/NEDD1 have been implicated in the attachment of gTuRCs to the centrosome (Dictenberg et al, 1998; Mogensen et al, 2000; Takahashi et al, 2002; Casenghi et al, 2003; Haren et al, 2006; Luders et al, 2006) . Pericentrin and CG-NAP, structurally related huge coiled-coil proteins, are thought to associate with each other at the centrosome to form the structural framework of the PCM and to provide binding sites for the gTuRCs (Dictenberg et al, 1998; Takahashi et al, 2002) . There are reports showing that pericentrin shows a mitosis-specific property of attaching g-tubulin at spindle poles (Dictenberg et al, 1998; Zimmerman et al, 2004) . A recent report showed that pericentrin is recruited to the centrosome in a microtubule-dynein-PCM-1-dependent manner (Dammermann and Merdes, 2002) . In contrast to pericentrin, the mechanism by which CG-NAP, another major PCM component, is loaded to the centrosome has remained unknown. Functional differences between these two structurally related proteins also remain to be addressed.
The centrosome duplicates once per cell cycle, which ensures the establishment of a bipolar spindle (Nigg, 2007) . At the onset of mitosis, centrosomes undergo a critical reorganization termed centrosome maturation, in which the PCM expands through rapid recruitment of additional components and nucleates sufficient numbers of microtubules for spindle organization (Palazzo et al, 2000; Blagden and Glover, 2003) . Furthermore, to establish stable spindle poles, centrosomes need to structurally fortify themselves during mitosis. We previously showed that the expanded PCM is stabilized by Kizuna (Kiz) (Oshimori et al, 2006) . In Kiz-depleted cells, the components of the PCM, such as pericentrin and CG-NAP, which are physically ripped apart from the centrioles by the forces exerted through microtubules attached to the chromosomes, resulted in multipolar spindle formation. The Polo-like kinase 1 (Plk1)-mediated phosphorylation of Kiz, which enhances the Kiz-pericentrin association, is essential for Kiz's function. However, not much is known about the mechanisms by which Kiz is recruited to and localized at the centrosome. Here, we identify the previously uncharacterized centrosome protein called Cep72 (centrosomal protein 72 kDa) as a Kiz-interacting protein. Cep72 targets Kiz as well as gTuRC and CG-NAP to the centrosomes to ensure centrosomal microtubule organization throughout the cell cycle. During mitosis, the Cep72-mediated centrosomal MTOC activity helps connect spindle microtubules to the centrosome so that forces generated by chromosome movement along microtubules converge on the PCM. The Cep72-recruited Kiz ensures structural integrity of the PCM to endure the microtubule-mediated forces. Our data further suggest that Cep72-mediated spindle-pole formation is essential to align chromosomes at the metaphase plate and to generate tensions between kinetochores.
Results
Cep72 binds to and co-localizes with Kiz at and around the centrosomes Kiz is important for the maintenance of spindle-pole integrity during mitosis (Oshimori et al, 2006) . To clarify the molecular mechanisms underlying Kiz-mediated regulation, we searched for proteins directly associated with Kiz. By a yeast two-hybrid screen using Kiz as the bait, we identified the previously uncharacterized protein Cep72, which had been previously reported as a component of the centrosome in a proteomic study (Andersen et al, 2003) . The Cep72 cDNA encodes a protein of 647 amino acids with two leucine-rich repeats in its N-terminal region and a putative coiled-coil domain in its C-terminal region ( Figure 1A) . Database searches identified orthologues of Cep72 in vertebrates and sea urchins, but not in other invertebrates or yeasts (data not shown).
To characterize the Cep72 protein, we generated Cep72-specific polyclonal antibodies ( Figure 1B ). Reciprocal immunoprecipitation experiments showed that endogenous Cep72 was associated with Kiz ( Figure 1C ). The immunofluorescence analysis of Cep72 in HeLa cells showed that Cep72 localized to the centrosome and centrosome-surrounding particles throughout the cell cycle ( Figure 1D ). These particles disappeared after microtubules were depolymerized using nocodazole, suggesting that Cep72-associating particles localized in a microtubule-dependent manner ( Figure 1D , interphase þ nocodazole). The exogenously expressed Myc-tagged Cep72 showed similar localization patterns, confirming the specificity of the anti-Cep72 antibodies (Supplementary Figure S1) . The pattern of Cep72 localization closely resembled that of Kiz (Oshimori et al, 2006) . Indeed, we observed strong co-localization of exogenously expressed HA-tagged Cep72 and endogenous Kiz at and around the centrosomes ( Figure 1E ).
Cep72 is required for the recruitment of Kiz to the centrosomes
To examine whether Kiz localization is regulated by Cep72, or vice versa, we carried out RNA interference (RNAi) experi- ments. The transfection of two independent Cep72 siRNAs efficiently reduced the expression of Cep72 protein as shown by western blotting (Figure 2A ). In more than 90% of siRNAtreated cells, Cep72 was undetectable by immunofluorescence microscopy. The centrosomal signals of Kiz disappeared or were significantly decreased in Cep72-depleted cells ( Figure 2B ), although western blotting of cell lysates showed almost no change in the Kiz protein levels ( Figure 2C ). In contrast, Kiz depletion did not affect the localization of Cep72 ( Figure 2B ). These results suggest that the centrosomal localization of Kiz is dependent on Cep72. The gel filtration analysis revealed two major populations of Kiz-containing complex (Supplementary Figure 2) . In contrast, Cep72, as well as g-tubulin were found in broader area, suggesting that Cep72 forms multiple complexes with multiple partners. A Kiz mutant with an altered Plk1 phosphorylation site (Kiz T379A ) associated with Cep72 in a similar manner as wild-type Kiz, indicating that Kiz phosphorylation by Plk1 is not involved in the Kiz-Cep72 interaction (Supplementary Figure S3) .
Cep72 is involved in the cTuRC localization and microtubule organizing activity of the centrosome We also found that in the majority of interphase Cep72-depleted cells (78.3%, n ¼ 138), the intensity of g-tubulin signals at the centrosomes waned markedly (see Figure 2B ). To precisely compare the g-tubulin signals, we seeded control and Cep72-depleted cells on the same cover glasses and measured g-tubulin intensities ( Figure 3A) . The relative intensity of g-tubulin staining in Cep72-depleted cells was reduced to about 30% compared to control cells ( Figure 3B ). The level of GCP2, another gTuRC component, was also decreased by Cep72 depletion (Supplementary Figure S4A) .
As gTuRC is essential for microtubule nucleation, we examined the microtubule-nucleating activity of the interphase centrosomes in the absence of Cep72. We carried out re-growth assays of centrosomal microtubules that had been depolymerized once by cold treatment in the presence of nocodazole. At 5 min after recovery, microtubules were nucleated from centrosomes and over 80% of control cells had microtubules longer than 5 mm. In contrast, we found that only 10.3±2.6% of Cep72-depleted cells had microtubules longer than the threshold ( Figure 3C and D). At 15 min after recovery, control cells had numerous radial microtubule arrays extending from the centrosomes to the cell cortex. In contrast, radial arrays of microtubules, nucleated from the centrosomes, were rarely seen in Cep72-depleted cell, whereas some microtubules nucleated from other microtubule-organizing sites were observed throughout cytoplasm ( Figure 3C , 15 min recovery). Moreover, we could not detect significant difference in overall microtubule networks in interphase Cep72-depleted cells, although it seems that the intensity of microtubules around centrosomes is less than control cells (Supplementary Figure S4B) . These results indicate that the centrosomes in Cep72-depleted cells are largely devoid of microtubule-organizing activity. The Kiz depletion did not affect the localization of g-tubulin ( Figure 2B ) and the MTOC activity of centrosomes (Oshimori et al, 2006) . Thus, in addition to recruiting Kiz to the centrosomes, Cep72 seems to have important roles in regulating gTuRC localization and the MTOC activity of the interphase centrosomes.
Cep72 is necessary for the localization of CG-NAP
The gTuRCs are thought to be anchored to the huge coiledcoil proteins composing the PCM, such as pericentrin and CG-NAP (Dictenberg et al, 1998; Takahashi et al, 2002) . Therefore, we examined whether Cep72 contributes to the centrosomal localization of these proteins. Pericentrin signals were not obviously affected by Cep72 depletion ( Figure 3E ). In contrast, localization of CG-NAP to the centrosomes as well as to the Golgi apparatus (Supplementary Figure S5A ) was significantly impaired in Cep72-depleted cells ( Figure 3F ). Western blotting of cell lysates showed Figure S5B) , indicating that Cep72 depletion caused mis-localization of CG-NAP. We also compared the localization of Cep72 and the golgin97, a Golgi marker protein, and found that although the majority of the Cep72 signals are found within the area encompassed by Golgi membranes, some centrosome-surrounding Cep72 particles were found to be very close to the Golgi membranes (Supplementary Figure S5C) . Note that CG-NAP depletion did not alter the centrosomal localization of Cep72 (Supplementary Figure S5D ). These results indicated that Cep72 is necessary for CG-NAP localization to the centrosomes and the Golgi apparatus during interphase.
We next examined whether CG-NAP mis-localization caused by Cep72 depletion was relevant to the reduction in centrosomal gTuRCs and the microtubule-organizing activity. Unexpectedly, the majority of interphase cells treated with CG-NAP siRNA (92.6%, n ¼ 136) had normal g-tubulin and GCP2 signals at the centrosomes ( Figure 3G and Supplementary Figure S6 ) and the relative intensity of g-tubulin staining in CG-NAP-depleted cells was hardly affected as compared with control cells ( Figure 3B ). Nevertheless, in the re-growth assay, microtubules longer than the threshold were observed in only 5.3 ± 2.4% of CG-NAP-depleted cells at 5 min after recovery from microtubule depolymerization ( Figure 3G and H), reflecting a marked decrease in centrosomal microtubule-nucleating activity. These results indicate that although gTuRCs are able to localize to the centrosomes without CG-NAP, the resulting centrosomes fail to nucleate microtubules and organize them into radial arrays. Taken together, Cep72 is involved in targeting gTuRCs and CG-NAP, to ensure the microtubuleorganizing activity of interphase centrosomes.
Cep72-mediated CG-NAP localization is essential for aster formation at the onset of mitosis Next, we sought to clarify the roles of Cep72 in spindle formation. As Cep72 depletion led to poor centrosomal MTOC activity during interphase, we hypothesized that Cep72 depletion also affects the microtubule organization during mitosis, leading to the failure in proper spindle formation. To test this, we first carried out microtubule-regrowth assays in mitotic cells ( Figure 4A ). At 5 min after recovery from the depolymerizing condition, microtubules were generated prominently from the two centrosomes and from many sites on chromosome mass in control cells. In Cep72-depleted cells, however, centrosome-dependent microtubule nucleation was severely depressed, whereas microtubules emanated from chromosomes at the same level as in control cells ( Figure 4A and B). We next carried out timelapse observations of fluorescent a-tubulin-expressing cells in the presence or absence of Cep72. In control cells, microtubule asters were invariably present at the centrosomes during prophase. Soon after nuclear envelope breakdown (NEBD), centrosomal asters drove the rapid formation of a bipolar spindle ( Figure 4C and Supplementary Movie S1). In contrast, Cep72-depleted cells did not generate obvious microtubule asters before NEBD. Although the asters gradually became apparent and chromosome-derived microtubules were assembled into spindle after NEBD, spindle poles were very unstable and unfocused ( Figure 4D and Supplementary Movie S2).
Similar to interphase, we found that CG-NAP signals disappeared or were remarkably diminished from the spindle poles in Cep72-depleted cells (Supplementary Figure S7) . Furthermore, CG-NAP depletion also resulted in a specific decrease in centrosome-dependent microtubule nucleation as measured by the microtubule-re-growth assay ( Figure 4A and B). These observations suggest that Cep72 or CG-NAP depletion impaired centrosome-specific microtubule nucleation and/or microtubule organization, which would lead to the generation of unstable and unfocused spindle poles.
Cep72-depletion induces abnormal spindles with diffuse and multiple poles during mitosis
As in the case of the interphase cells, Kiz is almost lost from centrosomes in Cep72-depleted mitotic cells (Supplementary Figure S8) . However, it is striking that in Cep72-depleted cells g-tubulin and GCP2 were diffusely distributed around each spindle pole irrespective of the spindle-pole number, whereas these signals remained focused in the individual fragmented poles in Kiz-depleted cells ( Figure 5A , B and Supplementary Figure S9A , Oshimori et al, 2006) . Furthermore, the spindle microtubules were not concentrated at spindle poles in Cep72-depleted cells ( Figure 5A ). It should be noted that the proportion of multipolar spindles in Cep72-depleted cells (32.2 ± 8.6%, Figure 5A and B) was only about half of that in Kiz-depleted cells (66.7 ± 5.4%). Nevertheless, multipolar spindles in Cep72-depleted cells shared common features with those in Kiz-depleted cells (Oshimori et al, 2006) : pericentrin localized to all of the spindle poles ( Figure 5C ), whereas centrin, a marker for centrioles (Paoletti et al, 1996) , overlapped with only two of the poles, regardless of pole number ( Figure 5D ). The data suggest that Cep72 depletion causes fragmentation and dissociation of the PCM from the centrioles by inducing mis-localization of Kiz, though the degree of PCM fragmentation is low.
Cep72-dependent aster formation ensures the transport of chromosome-derived spindle microtubules
Next we addressed the underlying mechanisms of the diffuse, unfocused spindle-pole formation caused by Cep72 depletion. To clarify the significance of Cep72 function in spindle formation, we compared the mitotic centrosomes and spindle poles among control, Kiz-depleted, Cep72-depleted, and CG-NAP-depleted cells. As shown in Figure 5E , both the size and intensity of the pericentrin signals at the poles of a bipolar spindle in Cep72-depleted or CG-NAP-depleted cells were indistinguishable from those in control cells, suggesting that the recruitment of pericentrin during centrosome maturation occurred normally without Cep72 or CG-NAP. However, in contrast with the tight overlap of pericentrin and g-tubulin staining in control and Kiz-depleted cells (Oshimori et al, 2006) , the area of g-tubulin staining was broader than that of pericentrin in Cep72-depleted and CG-NAP-depleted cells ( Figure 5C and G and Supplementary Figure S9B) . The area and the mean intensity of g-tubulin staining at each spindle pole in Cep72-depleted cells were about 2.5-fold broader and 35% lower, and in CG-NAPdepleted cells were about 4.5-fold broader and 40% lower, respectively, than those of control cells ( Figure 5E ). To further evaluate the amount of g-tubulin assembled at the spindle poles, we measured g-tubulin intensities focused on the centrosomes (i.e. area overlapping with pericentrin staining) and outside of the centrosomes (i.e. diffuse signals) separately ( Figure 5F ). In Cep72-depleted and CG-NAP-depleted cells g-tubulin intensities of both populations were less than 70% of those in control cells. However, total amount of g-tubulin at the spindle pole was not significantly different among those cells. These results suggested that Cep72 and CG-NAP depletion impaired g-tubulin loading on the centrosomes.
During prometaphase, microtubules nucleating near chromosomes are captured by astral microtubules nucleating from centrosomes (Khodjakov et al, 2003; Maiato et al, 2004; O'Connell and Khodjakov, 2007) . Following the capture, they are incorporated into spindle poles by NuMAdynein-dependent mechanisms that expedite proper spindle formation (Khodjakov et al, 2003; Tulu et al, 2003; Wadsworth and Khodjakov, 2004) . As centrosomes in both Cep72-depleted and CG-NAP-depleted cells had poor aster formation ( Figure 4A and B), results described above raised the possibility that non-centrosomal microtubules and their minus-end-associated gTuRCs could not be effectively transported or anchored to the centrosome in the absence of astral microtubules, resulting in a diffuse distribution of gTuRCs.
To test this possibility, we examined the localization of NuMA, which has a function in focusing microtubule minus ends and tethering centrosomes to the body of the spindle (Compton and Cleveland, 1994; Merdes et al, 1996 Merdes et al, , 2000 . In control cells, NuMA showed focused localization in the vicinity of the compact g-tubulin signal. In contrast, NuMA was detected as an annular-shaped signal at the periphery of the diffuse g-tubulin signal in Cep72-depleted cells ( Figure 6A ), suggesting that the minus ends of microtubules were not anchored to the PCM. Consistent with this idea, all of the diffuse g-tubulin signals outside the pericentrin area ( Figure 5C and G) disappeared on microtubule depolymerization in both Cep72-and CG-NAP-depleted cells ( Figure 6B ). After 30 min of recovery from microtubule depolymerization, centrosomes detected by pericentrin antibodies were not necessarily positioned at the spindle poles in the absence of Cep72, although the bipolar spindle was able to re-form ( Figure 6C ). Thus, one of the primary roles of the Cep72-mediated recruitment pathway is to confer microtubule-nucleation activity on the centrosomes so that the noncentrosomal microtubules can converge on the common spindle poles.
Microtubule-depolymerizing experiments also showed that PCM-associated g-tubulin signals were weaker in Cep72-depleted cells than in control cells, whereas pericentrin signals did not significantly change ( Figure 6B and D) . Despite its importance in microtubule nucleation, CG-NAP depletion hardly affected g-tubulin intensity both during interphase and mitosis ( Figure 6D and Supplementary  Figures S6A and B) . These results indicate that Cep72 is involved in the recruitment of basal levels of gTuRCs throughout the cell cycle in a CG-NAP-independent mechanism, though efficient microtubule nucleation from gTuRCs largely depends on CG-NAP.
Cep72-mediated spindle-pole formation is essential for chromosomal alignment and tension generation between sister chromatids
In Cep72-depleted cells, spindle microtubules were not well focused on the spindle poles, which seemingly reduced the microtubule-generated forces that otherwise converges on the centrosome. Accordingly significant number of Cep72-depleted cells could produce bipolar but unfocused spindle without Kiz in the PCM. However, even when Cep72-depleted cells retained apparent spindle bipolarity, these cells tended to have misaligned chromosomes (60.3 ± 8.3%) ( Figures 5A  and 6E ). To monitor the microtubule-mediated tension, we used an antibody against BubR1, a marker protein for the tension checkpoint ( Figure 6F ; Skoufias et al, 2001) . In prometaphase, both control and Cep72-depleted cells have many BubR1 signals at kinetochores. In control cells, BubR1 mainly localized to kinetochores of chromosomes that had not aligned on the metaphase plate. In contrast, BubR1 stayed on chromosomes that aligned at an apparent metaphase plate in Cep72-depleted cells. During metaphase, both cells had aligned chromosomes on the metaphase plate. However, in Cep72-depleted cells, kinetochore BubR1 signals remained strong, whereas they disappeared from almost all chromosomes in control cells. The data suggest that Cep72-depleted spindles could not generate sufficient tension between sister kinetochores, leaving the spindle checkpoint active. Actually, Cep72-depleted cells showed severe cell-proliferation defects, and in many cases, cells were arrested in elongated prometaphase and dying (Supplementary Figure S10A and B) . Thus, we concluded that Cep72-Kiz-mediated formation of rigid and focused spindle poles guarantees the proper alignment of the chromosomes at metaphase.
Discussion
Accumulating data show the functional importance of many of the centrosomal proteins, yet it remains largely unclear how centrosomal proteins are recruited and organized to maintain structural integrity and to show MTOC activity. Here, we show that Cep72 has key roles in regulating the centrosomal localization of g-tubulin complex components, CG-NAP, and Kiz. We also show that Cep72 provides centrosomal microtubule-nucleation activity and has critical roles in forming a focused bipolar spindle, which is needed for proper tension generation between sister chromatids.
Cep72 depletion causes severe impairment in the centrosomal MTOC activity during both interphase and mitosis. During interphase, the amount of gTuRC associated with centrioles is markedly decreased in Cep72-depleted cells, which may contribute to the reduction of the centrosomal MTOC activity. At the onset of mitosis, the amount of centrosomally localized gTuRC is decreased but significant amount remains associated with PCM in Cep72-depleted cells ( Figure 5F ). Apparently, gTuRCs are recruited to the centrosome even in the absence of Cep72, possibly by a pericentrin-dependent mechanism (Zimmerman et al, 2004) . Nevertheless, mitotic centrosomes in Cep72-depleted cells show little MTOC activity. This is because Cep72 is essential for the centrosomal localization of CG-NAP, and CG-NAP is crucial for microtubule aster formation from the centrosomes throughout the cell cycle. Thus, Cep72 guarantees centrosomal MTOC activity by recruiting gTuRCs, and independently but simultaneously their activator CG-NAP to the centrosomes. CG-NAP associates with kinases (PKA, PKCe, PKN, and CK1), phosphatases (PP1 and PP2A) (Takahashi et al, 2002) , and the mitotic regulator RanGTPase (Keryer et al, 2003) . Thus, by anchoring these regulatory proteins, CG-NAP may activate gTuRCs and/or stabilize nucleated microtubules. Further studies are needed to clarify the mechanism by which CG-NAP activates centrosomal MTOC.
Our data show that CG-NAP provides centrosomal MTOC activity and ensures effective transport of non-centrosomal microtubules and their minus-end-associated gTuRCs to the mitotic centrosome. These transported gTuRCs are thought to be anchored to the PCM (Khodjakov et al, 2003; Maiato et al, 2004; O'Connell and Khodjakov, 2007) . However, after microtubules depolymerization, amount of gTuRCs associated with PCM of the mitotic centrosomes are unaffected by the presence or absence of CG-NAP ( Figure 6D ). These observations raise the possibility that CG-NAP does not act as a direct gTuRC anchoring protein and that the transported gTuRCs are not stably built in the PCM structure, but are reversibly bound to the mitotic PCM in a microtubule-dependent manner.
In contrast to Kiz and CG-NAP localization, which is completely disrupted by Cep72 depletion, localization of gTuRC is partially altered by Cep72 depletion. This result is not surprising, as numerous centrosome proteins, including pericentrin, centrosomin/Cep215/CDK5RAP2 (Fong et al, 2008) , and Cep192 (Gomez-Ferreria et al, 2007; Zhu et al, 2008) have been implicated in the targeting or anchoring of gTuRC. Although most of these proteins co-localize with g-tubulin at the PCM, Cep72 staining only partially overlaps with that of g-tubulin ( Figure 1D ). Instead, Cep72 localizes to a specific site near centrioles and centrosome-satellite-like particles ( Figure 1D ), suggesting that Cep72 may control gTuRC localization differently from other gTuRC regulators.
CG-NAP and pericentrin are the principal components of the PCM and associate with each other to form the structural framework (Takahashi et al, 2002) . As suggested by previous study on AKAP350, a variant of CG-NAP/AKAP450 (Larocca et al, 2006) , loss of CG-NAP does not affect the localization of pericentrin. Our data further show that CG-NAP and pericentrin are recruited or anchored to the centrosome by distinct pathways: a Cep72-dependent and a PCM-1-dependent pathway, respectively (Dammermann and Merdes, 2002) . Moreover, at the onset of mitosis, CG-NAP and pericentrin have essential but distinct functions in organizing spindle poles: pericentrin is essential for centrosome maturation (Zimmerman et al, 2004) , whereas CG-NAP is essential for mature centrosomes to show microtubule-organizing activity. During this process, Kiz, recruited by Cep72, strengthens the integrity of mitotic centrosomes in a Plk1-mediated phosphorylation-dependent manner (Oshimori et al, 2006) . It is important to note that among the several centrosome proteins examined, Plk1-mediated phosphorylation specifically strengthened the association between Kiz and pericentrin (Oshimori et al, 2006) .
Our previous study shows that during spindle formation, forces generated by chromosome movement are converged on the centrosome by spindle microtubule-mediated mechanisms. The Kiz-mediated centrosome stabilization is essential to protect the PCM from the forces and prevent its fragmentation (Oshimori et al, 2006) . Although Cep72 contributes to this process by recruiting Kiz, it also facilitates the tethering of the minus ends of non-centrosomal microtubules to the PCM. Accordingly, it seems that microtubule-mediated forces do not converge well on the Cep72-depleted centrosomes, which would explain the partial relief of PCM fragmentation in Cep72-depleted cells, a condition of Kiz deprivation from the centrosomes.
The pulling and pushing forces exerted by mitotic spindle are important for chromosomes to align at metaphase plate and segregate towards spindle poles. These forces create tension across the kinetochore and are required for silencing the spindle checkpoint (Pinsky and Biggins, 2005) . The bipolar spindles assembled in the absence of Cep72 can neither align chromosomes efficiently ( Figure 6E ) nor generate sufficient tension between kinetochores to shut off the spindle-assembly checkpoint ( Figure 6F ). The data suggest that bundling and focusing of minus ends of spindle microtubules by non-centrosomal proteins, such as NuMA, alone are not sufficient for generating forces that are required for proper alignment and segregation of chromosomes. The microtubule minus-ends need to be focused and in contact with the rigid PCM structure at poles to accept and endure the forces generated during chromosomal movement. The Cep72 has key roles in both constructing rigid PCM structure and anchoring spindle poles to the PCM. We speculate that even in the acentrosomal spindles, which do not have a centriole but seem to contain PCM proteins at poles (Dictenberg et al, 1998) , Cep72 may contribute to the functional spindle-pole formation. Further studies on the mechanisms of Cep72-mediated recruitment and anchoring of centrosomal proteins will provide much-needed insights into the formation of the spindle pole.
Materials and methods

Cep72 cDNA, plasmids, and antibodies
The human Cep72 cDNA clone (KIAA1519; GenBank accession number, NM_018140) was obtained from the Kazusa DNA Research Institute (Chiba, Japan). In this study, cDNAs encoding Cep72 were subcloned into pcDNA3-FLAG and pcDNA3-HA vectors. The wildtype Kiz or Kiz (T379A) was subcloned into the pME18S-Myc vector. The anti-Cep72 rabbit polyclonal antibodies were generated against amino-acids (a.a.) 1-107 and 321-427 of human Cep72 and affinity-purified. The antibodies against kendrin/pericentrin, CG-NAP, and GCP2 (gifts from Y Ono), a-tubulin, g-tubulin (monoclonal antibody), centrin, and FLAG (Sigma, St Louis, MO), g-tubulin (polyclonal antibodies; Santa Cruz Biotechnology, Santa Cruz, CA), NuMA (Monosan, Uden, The Netherlands),
